Introduction
============

Loss of land available for crop cultivation has become a serious problem for agricultural sustainability ([@B26]). Salinity, one of the most important environmental stresses, has greatly reduced the area of arable land, along with crop productivity and quality ([@B26], [@B28]). Using salt-tolerant crops is an important strategy to mitigate this problem ([@B4]). In addition to salinity tolerance, tolerance to heat and drought stress is required, because much of the salinized area around the world is found in hot and dry regions. In cereals, including rice and wheat, many salt-tolerant cultivars have been developed and grown in saline areas. Sorghum (*Sorghum bicolor* (L.) Moench), the world's fifth-most important cereal crop, was previously characterized as moderately salt tolerant ([@B12], [@B18]). Sorghum crops are attractive in agriculture, since they are C~4~ plants and are therefore well adapted to hot, dry environments ([@B24], [@B25]). Moreover, sorghum biomass can satisfy demands for human food, livestock feed, fiber, and renewable energy.

Sequencing of the sorghum genome ([@B24]) can accelerate breeding to promote salt tolerance. Several collections of sorghum genetic resources have been developed, including a mini core collection of sorghum at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT; [@B27]). Among the hundreds of available sorghum accessions, it is reasonable to assume that significant variation exists in salt tolerance. Indeed, some research has revealed wide variation in sorghum's salt tolerance at the germination and seedling stages ([@B5], [@B13]). Although such differences showed genotype-dependent growth performance during the seedling stage, this knowledge is insufficient to reveal salt-tolerant accessions with high crop yield or biomass in saline environments, because evaluations during the early stages of crop growth are not always strongly related to the overall performance at maturity under saline conditions.

In this study, we developed a greenhouse cultivation system capable of screening a large number of accessions for salinity tolerance. Using this system, we evaluated the salt tolerance of more than 415 sorghum accessions after cultivation for 3 months to reveal the effects at maturity. Accessions that produced high biomass per plant under salt stress were selected as highly salt-tolerant elites. We evaluated genetic correlations between their salt tolerance (i.e., biomass production) at different salinities using genome-wide markers, and looked for genetic characteristics responsible for salt tolerance. To increase the genetic information for salt tolerance, we performed genome-wide association analysis to associate variations in biomass production under salt stress with genomic markers.

Materials and Methods
=====================

Sorghum accessions
------------------

We tested 415 publicly available sorghum accessions from the ICRISAT sorghum collection, NARO Genebank, and United States Department of Agriculture ([Supplemental Table 1](#s2-70_167){ref-type="supplementary-material"}). All seeds were provided by Earthnote (Okinawa, Japan). Seeds were germinated and grown for 3 weeks in a commercial soil (Hanasaki Monogatari, Takii Seed Co., Ltd., Kyoto, Japan) in 200-cell trays in a greenhouse under natural light in Okinawa, Japan. Seeds were sown in November (2015 winter test) and April (2016 summer test).

Experimental design
-------------------

We built large planters ([Supplemental Fig. 1](#s1-70_167){ref-type="supplementary-material"}A) measuring 1350 cm × 90 cm × 30 cm in a greenhouse. Three-week-old seedlings were transplanted into Okinawa Jaagaru soil (heavy clay soil) in the planters at a spacing of 30 cm × 9 cm. We used a randomized block design for planting in all planters and in all tests independently, with one plant of each accession assigned to one plot in a planter. Three planters were used to provide three biological replications for each NaCl treatment. The locations of the planters in the greenhouse were randomly assigned ([Supplemental Fig. 1](#s1-70_167){ref-type="supplementary-material"}B). The planters were watered once with 300 L of salt solutions (0, 50, 100, or 150 mM NaCl) before transplanting, and then with 150 L each by means of drip irrigation at 2-day intervals (i.e., one application after 3 days). We dissolved a soluble fertilizer (Peters Professional 20-20-20; Everris NA Inc., Dublin, OH, USA) in the water at 0.3 g L^--1^. After cultivation for 15 days in 2015 and 30 days in 2016, we began the NaCl treatments. NaCl was added to the irrigation water at 50, 100, or 150 mM, but the volume and irrigation frequency were constant throughout the cultivation period. In total, 3 of the 12 planters were used for each NaCl treatment. Shoot fresh weight (biomass) per plant was measured after 3 months (89 to 90 days), and "NA" (not analyzed) was given to dead plants. Saline soil is defined as soil containing a high level of salts, with an electrical conductivity of EC~e~ ≥4 dS m^--1^ ([@B21]); this is equivalent to 40 mM NaCl. This means that the three salinity levels in our study cover a range from high to severe salt stress. The temperature in the greenhouse ranged in 12.7 to 44.1°C with a mean value of 23.4°C during cultivation in the 2015 test and 15.9 to 46.0°C with a mean value of 28.3°C in the 2016 test.

Conversion of the biomass data to Z-scores
------------------------------------------

We converted the mean biomass data (x) for each accession in the three replicates to *Z*-scores using the mean and standard deviation (SD) for all sorghum accessions in each treatment. Z-score is calculated as follows:

$$Z = \frac{x - \textit{mean}}{\textit{SD}}$$

The means and SDs used were calculated only for accessions in which all three replicates were alive in both the 2015 winter and 2016 summer tests. Accessions with a *Z*-score of \>1.64 were identified as salt-tolerant elites.

Genotyping
----------

We generated a double-digest restriction site--associated DNA sequencing (RAD-seq) library ([@B6]) by means of BglII and MseI digestion of genomic DNA. RAD-seq was performed on an Illumina HiSeq 2000 sequencer (Illumina, Inc., San Diego, CA, USA) with 100-bp single-end reads. Adapter trimming and quality filtering were performed as described previously ([@B23]). The preprocessed reads were aligned with the reference genome sequences in Sbicolor-v3.1 ([@B19]), which is available from Phytozome (phytozome.jgi.doe.gov), using the Burrows--Wheeler Aligner with default options ([@B16]). Aligned reads were locally realigned with the Genome Analysis Toolkit (GATK v. 3.5.0) IndelRealigner tool ([@B20]). We used GATK UnifiedGenotyper (<https://software.broadinstitute.org/gatk/documentation/tooldocs/3.8-0/org_broadinstitute_gatk_tools_walkers_genotyper_UnifiedGenotyper.php>) to identify single-nucleotide polymorphisms (SNPs), with default parameter values. We used VCFtools v. 0.1.13 ([@B10]) to identify variant sites, passing those with the parameters set at mapping quality \>20, depth (3 to 100), max-missing \>0.2, and MAF = 0.025. We developed a reference panel using whole-genome sequencing and used it to predict the sequences of used accessions. We used the BEAGLE v. 4.0 ([@B8]) server to impute any missing SNPs. In total, we obtained data for more than 75 000 SNP markers for the 383 accessions. The accessions that were genotyped in our study are indicated in [Supplemental Table 1](#s2-70_167){ref-type="supplementary-material"}.

Genetic analysis for sorghum biomass
------------------------------------

Genetic correlations were estimated by fitting a multi-environment mixed model ([@B9]) to our biomass data. Let *P* be the number of environments (we treated each combination of salinity (0, 50, 100 mM NaCl) and year as one environment, thus *P* = 6), and *N* be the number of genotypes. The phenotypic values (averaged over the three replicates) can be represented as an *N* × *P* matrix **Y**, and we can develop similar matrices for genotypic values (**U**) and residuals (**E**). We also represented the environmental effects as a *P*-dimensional vector (**β**). The multi-environment mixed model can then be represented as:

$$\mathbf{Y} = 1^{T}\mathbf{\beta} + \mathbf{U} + \mathbf{E}$$

$$\left. {vec}\left( \mathbf{U} \right) \equiv \left\lbrack {\mathbf{u}_{1}^{T},~\mathbf{u}_{2}^{T},~\cdots,~\mathbf{u}_{P}^{T}} \right\rbrack^{T} \right.\sim N\left( {0,~~\mathbf{V}_{g} \otimes \mathbf{G}} \right)$$

$$\left. {vec}\left( \mathbf{E} \right) \equiv \left\lbrack {\mathbf{e}_{1}^{T},~\mathbf{e}_{2}^{T},~\cdots,~\mathbf{e}_{P}^{T}} \right\rbrack^{T} \right.\sim N\left( {0,~~\mathbf{V}_{e} \otimes \mathbf{I}_{N}} \right)$$

where T represents the transposed vector; $\otimes$ represents Kronecker product; **u***~p~* and **e***~p~* are the *p*-th columns of **U** and **E**, respectively; **0** and **1** are vectors whose elements are all 0 and 1, respectively; **I***~N~* is an *N*-dimensional identity matrix; and **G** is the additive relationship matrix among the genotypes. We calculated the **G** matrix by using the shrinkage estimation method proposed in ([@B11]). Unknown parameters in this model are **β**, **V**~g~, and **V**~e~. The two **V** matrices are *P* × *P* variance--covariance matrices for the relationships among the environments; the former represents covariance of genotypic values, and the latter represents covariance of environmental effects among the environments. Because **V**~g~ is the variance--covariance matrix for genotypic values among the different environments, genetic correlations can be obtained from its values. The values of these unknown parameters can be estimated from the data by using the EMMREML v. 3.1 package for R statistical software ([@B1]). Note that we removed genotypes with missing values (i.e., one or more dead plants) to fill in the **Y** matrix and also removed genotypes whose marker genotype was unknown. In total, we used 302 genotypes for fitting the model ([Supplemental Table 1](#s2-70_167){ref-type="supplementary-material"}).

Genome-wide association analysis
--------------------------------

We used the QK model ([@B29]) for the genome-wide association study (GWAS). We used the ADMIXTURE v. 1.30 clustering algorithm to investigate the population structure ([@B2]) of the 391 accessions. ADMIXTURE identifies *K* genetic clusters, where *K* is specified by the user, from the provided SNP data. For each individual, ADMIXTURE estimates the probability of membership in each cluster. In our analysis, we used values of *K* ranging from 1 to 10. The smallest value of the cross-validation error was used in evaluating the most probable number of subpopulations among the accessions. In our data, this error reached its minimum when *K* = 9, so we applied *K* = 9 to the GWAS. GWAS was performed using a mixed linear model with a **Q** matrix and a **K** matrix as corrections for the population structure (QK model) ([@B29]). The number of SNPs used in the GWAS ranged from 76 535 to 77 476 (MAF \> 0.025), depending on the accessions whose data were used for the GWAS. The genome-wide Bonferroni-corrected significance threshold for the GWAS was set to --log~10~*P* \> 6.18 to 6.19 (with significance at *p* \< 0.05 for n = 76 535 to 77 476) in this study. Genetic values for phenotypic data of each genotype were calculated in the ANOVA model described below and applied to GWAS.

$$y_{\textit{ijk}} = \mu~ + g_{\textit{i}} + s_{\textit{j}} + r_{\textit{k}} + e_{\textit{ijk}}$$

where $y_{\textit{ijk}}$ is the phenotypic value of biomass production for the *i*th accession in the *k*th block (replicate) within the *j*th year, μ is the intercept of the model, $g_{\textit{i}}$ is the genetic value of the *i*th accession, $s_{\textit{j}}$ is the effect of the *j*th year, $r_{\textit{k}}$ is the effect of the *k*th block (replicate), and $e_{\textit{ijk}}$ is the residual error.

Results
=======

Variation of shoot biomass among the sorghum accessions
-------------------------------------------------------

We grew plants in winter 2015 and summer 2016, with a total of 415 sorghum inbred accessions (338 used in both seasons). At 150 mM NaCl, approximately 70% of transplanted plants died in both tests, and as a result, most of the accessions lacked biological replication under severe salt stress (data not shown). Because it seems likely that 150 mM NaCl was too high to evaluate the variation of salt tolerance among our accessions, we did not analyze the biomass data from this treatment. Our obtained biomass data (e.g. fresh weight) of all cultivated accessions is shown in [Supplemental Table 1](#s2-70_167){ref-type="supplementary-material"}.

At 50 and 100 mM NaCl, 94--99% of accessions survived compare to the control conditions, so we included those data in our analysis. There was wide variation in biomass production among the accessions ([Fig. 1A](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). In the control, the biomass per plant ranged from 10 g to 224 g, with a median value of 61 g in the winter test and ranged from 12 g to 387 g, with a median of 92 g, in the summer test. At 50 mM NaCl, the biomass ranged from 3 g to 175 g, with a median of 31 g, in the winter and ranged from 5 g to 395 g, with a median of 69 g, in the summer. At 100 mM NaCl, the biomass ranged from 1 g to 74 g, with a median value of 14 g, in the winter and ranged from 2 g to 324 g, with a median value of 22 g, in the summer. In both seasons, biomass decreased with increasing NaCl concentration. The correlations between the winter and summer biomass of the accessions were significantly positive in the control (*r* = 0.66, *p* \< 0.001; [Fig. 1B](#F1){ref-type="fig"}) and at 50 and 100 mM NaCl (*r* = 0.53 and 0.43, respectively; *p* \< 0.001; [Fig. 1B](#F1){ref-type="fig"}). Therefore, our data could be used to evaluate genotypic performance for biomass production. The ANOVA results ([Table 2](#T2){ref-type="table"}) showed significant effects (*p* \< 0.05) for genotype, season, and replication at all salinity levels. This means that the phenotypic value (biomass) was affected not only by genetic differences, but also by experimental conditions such as season and replication. Thus, we should remove such effects before performing the GWAS.

Selection of high-biomass accessions under salt treatments
----------------------------------------------------------

To identify elite accessions with significantly higher biomass, we used *Z*-scores calculated from the biomass of each line ([Fig. 2A](#F2){ref-type="fig"}). Since a *Z*-score of \>1.64 means a significantly higher parameter value (*p* \< 0.05 for a 1-sided test), we defined accessions that met this criterion in both the winter and summer tests as elite lines. Accessions for which at least 1 of the 3 plants survived in both the winter and summer tests totaled 337 at 50 mM NaCl and 324 at 100 mM; we identified elite accessions from within these populations. We identified 7 accessions that produced significantly higher biomass at 50 mM NaCl and 4 at 100 mM NaCl, 2 of them at both salinities ([Fig. 2B](#F2){ref-type="fig"}), totaling 9 salt-tolerant elite accessions: IS11026, 87-9-21-3-1, IS26025, KOUCHI OUKAWA ZAIRAI, IS11473, IS8267, LIAOZA 1, IS23579, and FETERITA HARIG 2. From the control data, we also selected accessions with significantly higher biomass. Among the 338 accessions that were tested in both winter and summer, 10 produced significantly higher biomass ([Fig. 2B](#F2){ref-type="fig"}). These were NYIRARUMOGO, SOR 1, IS5667, IS6421, IS24939, IS11026, 87-9-21-3-1, IS26025, KOUCHI OUKAWA ZAIRAI, IS11473. These 10 accessions only included 5 of the 9 salt-tolerant elites, but the other 4 (IS8267, LIAOZA 1, IS23579, and FETERITA HARIG 2) showed significantly higher growth only under the salt treatments. These results suggest that the degree of growth inhibition caused by salinity varied greatly among the accessions. Some of the elite accessions had biomass in NaCl treatments that was similar to or higher than that in the control ([Fig. 3](#F3){ref-type="fig"}). IS11026, IS23579, IS8267, and Feterita harig 2 showed no growth inhibition at 50 mM NaCl compared with the control in both tests. These accessions may therefore be candidate resources to breed salt-tolerant sorghum.

Genetic analysis of salt tolerance
----------------------------------

Genetic and statistical analyses support a discussion of sorghum's salt tolerance. We estimated the genetic correlations for biomass production among the three salt treatments and between the two seasons, using data from 302 accessions. The estimated genetic correlations between the control (0 mM) and severe salinity (100 mM) were 0.34 to 0.67, and were weaker than those between the two salt treatments (50 vs. 100 mM), at 0.41 to 0.90 ([Table 3](#T3){ref-type="table"}). Surprisingly, although the growth of plants differed greatly between the two seasons ([Fig. 1A](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}), the genetic correlations with biomass for the same salt stresses in different seasons were relatively high, ranging from 0.60 to 0.80. These results suggest that although there are significant effects of season on biomass production ([Table 2](#T2){ref-type="table"}), similar genetic factors contributed to biomass production of sorghum under the same salt stress in both seasons.

Genome-wide association analysis for biomass production under salt stress
-------------------------------------------------------------------------

To separate the genetic performance for biomass production from the significant effects of replication and season, we estimated the genetic values of each genotype for biomass production in the ANOVA model ([Table 2](#T2){ref-type="table"}) and then applied this data to the GWA analysis with QK model. The SNP variants that were significantly associated with biomass production under the NaCl treatments should relate to sorghum's salt tolerance. In the control, we found 1 SNP on chromosome 7 (SNP1 S7_25944316) that was significantly associated with biomass production ([Fig. 4](#F4){ref-type="fig"}). At 50 mM NaCl, we found SNPs on chromosomes 2 and 5 (SNP2 S2_51947596 and SNP3 S5_22330218) that were significantly associated with biomass, but these were not significantly associated with biomass in the control ([Fig. 4](#F4){ref-type="fig"}, --log~10~*P* = 2.01 and 4.13, respectively). Therefore, the polymorphisms at SNP2 S2_51947596 and SNP3 S5_22330218 might represent variants in salinity tolerance genes or alleles. In a comparison of biomass between the variants at these two SNPs, the minor allele groups (heterozygous reference/alternative or homozygous alternative/alternative) showed higher biomass than the major one (homozygous reference/reference) in all salinity conditions and control conditions ([Supplemental Figs. 2--4](#s1-70_167){ref-type="supplementary-material"}). Here, "reference" refers to the same allele in the reference genome and "alternative" refers to a different allele.

To conduct further GWA analysis with QK model for responses of sorghum accessions to salt stress, we calculated salt tolerance index (STI~50~ and STI~100~) for 50 mM and 100 mM NaCl salt stresses for each accession, respectively, by dividing the genetic values under salt stress conditions by those under the control condition. The genetic values were estimated in the ANOVA model ([Table 2](#T2){ref-type="table"}) described above. Some small accessions, whose genetic values were estimated lower than 5 g under the control condition, showed higher STI~50~ than 3. These high values may be unreliable, and we gave 3 to these accessions with STI~50~ higher than 3 before GWA analysis. In the case of STI~100~, we also gave 3 to accessions with higher STI values than 3. As the results of GWA analysis, we found no SNP significantly associated with STI~50~ and two SNPs on chromosomes 1 (SNP4 S1_70003033) and 3 (SNP5 S3_388678) which were significantly associated with STI~100~ ([Fig. 5](#F5){ref-type="fig"}, --log~10~*P* = 7.59 and 7.42, respectively). Actually 5 SNPs were detected on chromosome 1, and they were close to each other within 250 kb. Then, only the SNP with the highest --log~10~*P* value (SNP4 S1_70003033) was focused on.

Discussion
==========

Salt tolerance can be evaluated from two aspects; (1) displaying high performance stably under any saline conditions (stability) and (2) minimizing reduction of performance caused by salinity responding to salt stress (stress response). Biomass production under salt stresses reflects the both aspects (stability + stress response). Actually, relative traits such as relative biomass under stress conditions to the control condition were used to directly evaluate the stress response ([@B15], [@B17]). However, ratio of the two values is numerically unstable when the denominator includes small value. Additionally, to answer whether relative traits reflects stress tolerance, it would be required to examine whether the relative traits of accessions, which carry completely same genetic factors for stress tolerance but show different biomass under non-stress condition, are same or not. Therefore, we mainly focused on biomass production under salt stresses as salt tolerance in this study. This evaluation is suitable for practical breeding because salt-tolerant sorghum will be defined as ones to produce high biomass yields on salinity fields.

Under our study conditions, shoot biomass values reached a maximum of 395 g ([Fig. 1](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}). This value was much larger than those between several tens of mg and g fresh weight per plant in previous reports of the salt tolerance of sorghum seedlings ([@B3], [@B5], [@B13]). Our data from 3-month cultivation let us detect salt-tolerant sorghum plants at maturity. We found 9 elite accessions with high salt tolerance ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). Importantly, some of them showed almost no growth inhibition at 50 mM NaCl ([Fig. 3](#F3){ref-type="fig"}). In a previous study ([@B13]), the salt-tolerant sorghum line with the lowest growth inhibition at 50 mM NaCl had a 16.5% decrease of shoot biomass. Of course, their experimental conditions differed from ours, but our results nonetheless suggest that 4 of our elite sorghum accessions (IS11026, IS8267, IS23579, and FETERITA HARIG 2) represent good candidate resources. Because the salt-tolerance and drought-tolerance mechanisms in plants overlap to some extent ([@B30]), our salt-tolerant elites might also yield more in dry fields. Our genotyped-accessions could be divided into 9 subpopulations (genetic clusters, *K*, see Materials and Methods), but there is no clear relationship between the salt tolerance of the elites and their subpopulations ([Fig. 3](#F3){ref-type="fig"}).

Using the data obtained from different salinity levels and seasons, we analyzed the salt tolerance of the sorghum genotypes. We found low but significant phenotypic (biomass) correlations between the two seasons ([Fig. 1C](#F1){ref-type="fig"}, *r* = 0.43 to 0.66), and the genetic correlations for a given salinity were significant but higher (*r* = 0.60 to 0.80; [Table 3](#T3){ref-type="table"}). These results suggest that our genetic analysis can estimate genetic performance for biomass production. The estimated genetic correlations for biomass production between the control (0 mM NaCl) and severe salinity (100 mM NaCl) were lower than those between the two salt treatments (50 vs. 100 mM NaCl), suggesting that in our sorghum population, the genetic factors that affect biomass production under salt stress differ to some extent from those that affect biomass in the absence of salt stress, and that the genetic factors responsible to salt tolerance at 100 mM NaCl are similar to those at 50 mM NaCl. Genetic correlations also show that the genetic factors affecting biomass production at 50 mM NaCl seem to be partly in common with those in the control as well as those at 100 mM NaCl, probably reflecting that 50 mM NaCl caused moderate stress between the control and 100 mM NaCl. Our salt-tolerant elites selected on the basis of biomass production therefore have genetic factors that increase biomass under salt stress.

Identification of SNPs associated with genetic factors that affect biomass production under salt stress should provide valuable genetic markers for use in breeding supported by marker-assisted-selection (MAS). We conducted GWA analysis for biomass production under salt stress, and identified two SNPs (SNP2 S2_51947596 and SNP3 S5_22330218, on chromosomes 2 and 5, respectively) that were significantly associated with biomass production at 50 mM NaCl, but neither in the control nor 100 mM NaCl ([Fig. 4](#F4){ref-type="fig"}). On the other hand, the SNP effects on biomass production under all conditions seem to be similar ([Supplemental Figs. 3, 4](#s1-70_167){ref-type="supplementary-material"}). These results mean that the SNPs are especially related to the tolerance to moderate salt stress among our sorghum population. The genetic correlation between the tolerances at 50 mM and 100 mM NaCl was not associated with the SNPs detected but would be associated with other loci of smaller effects. Among the accessions, only 10 to 16 showed salt-tolerant genotypes at the two SNPs ([Supplemental Figs. 3, 4](#s1-70_167){ref-type="supplementary-material"}). We listed genes located within 500 kb of the SNPs using Phytozome database with annotations (Sbicolor_v3.1, <http://www.phytozome.net/>) as candidate causal genes for the GWAS results ([Supplemental Tables 2, 3](#s2-70_167){ref-type="supplementary-material"}). Although it was possible that differences in maturating time among accessions influenced our evaluation of salt tolerance, the influence would be so small that genes near the SNPs detected by our GWA analysis do not contain known maturity genes. Among the candidate genes near SNP3 S5_22330218, Sobic.005G109400 and Sobic.005G109500 encode cycloartenol synthase. Cycloartenol is one of two important precursors for phytosterol biosynthesis in higher plants ([@B22]), and phytosterols play a role in stress tolerance ([@B14]). Two widespread halophytes---*Avicennia marina* and *Rhizophora stylosa*, both mangrove species---increase their levels of cycloartenol synthase mRNA and phytosterol in their roots under salt stress ([@B7]). These previous studies suggest that cycloartenol or its phytosterol derivatives may play a role in salt tolerance of plants. Sobic.005G109400 and Sobic.005G109500 might therefore be gene candidates for salt tolerance in our sorghum population. Although their roles must be clarified, the two SNP markers we identified should be useful for MAS in a sorghum breeding program to develop salt-tolerant cultivars. Among the 8 salt-tolerant elites with genotype available, 2 accessions, 87-9-21-3-1 and LIAOZA 1, share the salt-tolerant alleles at the SNPs detected by GWA analysis ([Supplemental Table 4](#s2-70_167){ref-type="supplementary-material"}). The other elites would have other genetic factors to cause their salt-tolerance, and the factors may be polygenic with small effects or a few causal genes with low minor allele frequencies not to be detected by our GWA analysis. Therefore, these elite accessions may be further improved for their biomass production under salt stress by MAS using our detected SNP markers. We also conducted GWA analysis for the responses toward salt stress using salt tolerance index, STI, and 2 SNPs on chromosome 1 and 3 were significantly associated with STI~100~ ([Fig. 5](#F5){ref-type="fig"}). The minor alleles at these detected SNPs contributed to increase STI scores when the allele groups are homozygous alternative/alternative. These SNPs might also be useful for MAS to develop salt-tolerant cultivar ([Supplemental Fig. 5](#s1-70_167){ref-type="supplementary-material"}). Among the 8 salt-tolerant elites with genotype available, all elites show allele groups with lower STI~100~ ([Supplemental Table 4](#s2-70_167){ref-type="supplementary-material"}). To conclude the effects of the SNP4 S1_70003033 and SNP5 S3_388678, we examined the correlations between STI and genetic values under the control conditions, because some accessions with high STI~50~ or STI~100~ produced small biomass under the control condition. Then, both of STI~50~ and STI~100~ were negatively correlated with the genetic values ([Supplemental Fig. S6](#s1-70_167){ref-type="supplementary-material"}, *r* = --0.20 and --0.40, respectively). This indicates a tendency where accessions showing higher STI produced smaller biomass under the control condition. Especially, negative correlation was more evident between STI~100~ and the genetic values under the control condition. Therefore, it is possible that in addition of salt tolerance, STI indicates smallness of biomass production. Thus, we cannot conclude the effects of SNP4 S1_70003033 and SNP5 S3_388678, which were significantly associated with STI~100~, on salt tolerance in sorghum.

As described above, although stability and stress response will be key factors to reveal stress tolerances in plants, discrimination of the two factors with biological traits such as relative traits remains unreliable. In order to discriminate these two factors with statistics, our used model (see Materials and Methods) can be extended to define the stability of accessions and the stress response (G × E interaction) in the model. Such an extended model might allow salt tolerance to be more suitably analyzed and therefore allow the estimation of the key factors to be more reliable. To reveal the complex nature of salt tolerance, both biological experiments and statistical approaches should be examined.
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![Shoot biomass production (fresh weight) of the sorghum accessions in the winter and summer cultivation tests. (A) Box plot of the distribution of biomass of the sorghum accessions under the three NaCl concentrations (Survival at 150 mM NaCl was low, so that treatment was excluded from the analysis). Thick horizontal lines represent the median value, boxes represent the 25th to the 75th percentiles, whiskers represent the 95% confidence interval, and circles represent outliers. (B) Scatterplots of the relationships between shoot biomass (g fresh weight) of the genotypes in the winter and summer cultivation tests.](70_167-g001){#F1}

![Selection of accessions that produced high shoot biomass under the NaCl treatments. Elite sorghum accessions were selected from the biomass data obtained in the winter and summer cultivation tests. (A) Scatterplots of the relationships between the *Z*-scores for the biomass in the two cultivation tests. (B) Venn diagram of the relationship among the numbers of accessions that produced high biomass in the three salt treatments (Survival at 150 mM NaCl was low, so that treatment was excluded from the analysis). Accessions with significantly higher biomass had *Z* \> 1.64 (equivalent to *p* \< 0.05, 1-sided test) in both the winter and summer tests.](70_167-g002){#F2}

![Shoot biomass of the elite accessions that produced significantly higher biomass under the NaCl treatments. Circles in the rows below the table indicate elites that produced significantly higher biomass under the indicated salinity level. *K* in the table indicates subpopulation IDs, where the elite accessions belong, identified by ADMIXTURE clustering algorithm. Values are means ± SDs (*n* = 1--3).](70_167-g003){#F3}

![Genome-wide association study (GWAS) results for biomass production under the NaCl treatments. The genotypic values for biomass production in the ANOVA model were used for the GWAS, and the results are shown in these Manhattan plots. Dashed horizontal lines represent the threshold of the Bonferroni-corrected significance (--log~10~*P* = 6.19, *p* \< 0.05). Arrowheads indicate the positions of single-nucleotide polymorphisms (SNPs) that were significantly associated with salinity tolerance. The marker information for these SNPs is summarized in the table below the graphs. "SNP" represents the genomic position, and Chr. represents the chromosome. Values under "Allele frequency" are the numbers of accessions in the following genotype groups for the SNPs: Ref., homozygous reference/reference; Het., heterozygous reference/alternative; and Alt., homozygous alternative/alternative types. Boldfaced values of --log~10~*P* indicate a statistically significant association with biomass production (*p* \< 0.05).](70_167-g004){#F4}

![Genome-wide association study (GWAS) results for salt tolerance index. The salt tolerance index, STI~50~ and STI~100~, were calculated by dividing the genotypic values for biomass production under the 50 mM and 100 mM NaCl conditions in the ANOVA model by those under the control conditions, respectively. The GWAS results are shown in these Manhattan plots. Dashed horizontal lines represent the threshold of the Bonferroni-corrected significance (--log~10~*P* = 6.19, *p* \< 0.05). Arrowheads indicate the positions of single-nucleotide polymorphisms (SNPs) that were significantly associated with STI. The marker information for these SNPs is summarized in the table below the graphs in the same way as [Fig. 4](#F4){ref-type="fig"}.](70_167-g005){#F5}

###### 

Maximum, minimum, and median shoot biomass production in the winter and summer cultivation trials

  NaCl treatment                Cultivation test                              
  ----------------------------- ------------------ ----- ----- -- ----- ----- -----
  No. of accessions             371                370   358      382   382   379
  Shoot fresh weight (g)*^a^*                                                 
  Maximum                       224                175    74      387   395   324
  Minimum                        10                 3     1        12    5     2
  Median                         61                 31    14       92    69    22

*^a^* The fresh weights represent the means of 1 to 3 replicates for each accession.

###### 

ANOVA results for biomass production of the sorghum accessions in the three NaCl treatments (Survival at 150 mM NaCl was low, so that treatment was excluded from the analysis)

  NaCl treatment   Source        Df     Sum Sq    Mean Sq   *F* value   *P* value
  ---------------- ------------- ------ --------- --------- ----------- -----------
  0 mM                                                                  
                   Genotype      414    5104998   12331     6.2844      \<0.0001
                   Season        1      883504    883504    450.2763    \<0.0001
                   Replication   2      200449    100225    51.0793     \<0.0001
                   Residuals     1826   3582865   1962                  
  50 mM                                                                 
                   Genotype      414    5712310   13798     5.4834      \<0.0001
                   Season        1      1260796   1260796   501.0544    \<0.0001
                   Replication   2      18477     9238      3.6714      0.02564
                   Residuals     1679   4224844   2516                  
  100 mM                                                                
                   Genotype      412    1022569   2482      2.9277      \<0.0001
                   Season        1      103350    103350    121.9125    \<0.0001
                   Replication   2      19046     9523      11.2336     \<0.0001
                   Residuals     1206   1022376   848                   

Df, degrees of freedom; Sq, squares.

###### 

Estimated genetic correlations for biomass production

  NaCl treatment (mM)   NaCl treatment (mM)                                      
  --------------------- --------------------- ------ ------ ------ ------ ------ --
  Winter                                                                         
  0                                           0.86   0.67   0.80   0.67   0.34   
  50                                                 0.90   0.66   0.60   0.41   
  100                                                       0.63   0.66   0.71   
  Summer                                                                         
  0                                                                0.93   0.59   
  50                                                                      0.79   
  100                                                                            

[^1]: Communicated by Hideyuki Funatsuki
